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√
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iµILu+MSdLUgUb[XKNRLZPU%ghU%IM^ÕJRL\2uj[kMPUUãRj[kMPOV]ILKa[kZPU
Pd˜k d˜k =
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√
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v:Y!d8UaÚ[k~gh[XIn[kOI Kk uLUMSU%ZPgOILU%K
MPdLUuLU]ZNUU$MSV¾adLOQced
wˆ−k
OKa[Xu¨íNR8KNMSU%u)vY!dLUcV Ôk[XZPO[XILcU
Pwk
OK!RL\2uj[kMPUu'[Xcc%V]ZPuLOQILMSV&o^yzsv
Y!dLUa[k~]V]ZNOQMPdLg mVXZPKZPUc%RLZPKNOQÔXU~QaOQMPdMSOgUmOQILcZNUgUInM
∆t
vAHJI¾]U%ILUZP[X~j[
KNdLV]ZNM
∆t
UI8KPRLZNUK
[`XVTVuMPZS[XceOI8
ÖFU%dj[bÔOV]RLZ%vAò½V,U%ÔXUZ%xMPV
]U%M:ZPU%~O¼[kÖL~Uuj[kMS[`WtZPV]g [`u8U%MSU%c%MPV]Z­[`c%V]ILKPOQuLUZP[XÖL~QU
IRLgÖ2UZ$VkW,ÔXUdLOQc~U%KKNdLV]RL~Qu»dj[bÔ]U\j[XKPKNUu6OQMuLR8ZPOI8
∆t
väjRLZ^MSdLU%ZPgV]ZPU¾OÇM$dj[XK$MSV+Ö2U¾Me[XkUI
OQIMPV`c%V]ILKPOQuLUZP[kMSOQV]I)xkdLV ñWq[kKNMAMPUg\FV]ZP[X~cedj[XILXUK­VXWjMPdLUUçMPUZPIL[X~8c%V]ILuLOÇMSOVXILK:OQI8æjRLU%ILcOQIL`MSd8U
ZNVn[XuMPZS[kÓc`Vcc%RLZvÙ­ZNV]Öj[XÖL~Ç[kIOILc%ZPU%ghU%IMmOIZP[XIL]U`VXWﬃ[WtU%ïgOIR8MPUKmOQKmZNUcVXghgUILuL[XÖL~U
[XI8u+m[XK½RLKPU%u'OQIMSdLU$WtV]~Q~V aOILUçT\FU%ZPOQghU%IMPKv
PRQ&SEõEÍﬃÒ!T$õEË<Ì9U
YﬃVÔk[X~OQuj[kMPU½MPdLU
U%Óc[Xc%[XILuZPVXÖLRLKNMPILUKNK!VXW<MSdLU`\LZPV]\2V]KNUu+[X~Q]V]ZPOÇMSdLg?x]OÇMmm[XK!Og\L~U%ghU%InMSUu
[XI8uMSUK^MSU%u)väjV]ZBMPdLUKNUaMPUK^MSK­MSdLU!c[XZ:WtV]~Q~V aOI8`gVTuLU%~T\8ZPV]\2V]KPU%uÖßMSUWq[XIÚ$ZS[XRLKNK½o¢Ú$ZS[kRLKPK%x
y |X|]{ns¤[kK:RLKNUu)vAY!d8OK)ýNß8Ú`Õ^à?VTuLU%~Çßc%V]InMe[XOQILKLíNRLKNMﬃWtV]RLZﬃ\j[XZP[XghUMSU%ZPK<aOQMSdOInMSR8OQMSOÇÔ]UgUb[XILOQILLv
äjRLZ^MSdLU%ZPgV]ZPUOQMOKZPV]ÖLR8KNMbx[kccOQuLUInM^Õ¬WtZPU%UXx­IRLgUZNOcb[k~~QØU%ÓcOQUInMbx[XI8uÉOIÉXVTVuÉ[XXZPUU%ghU%InM
aOÇMSd+Ug\LOZNOc[X~FuL[kMe[8v
HJIéMPdLU+ý^ß8Ú`Õ^à'VuLU%~ÇßMPdLU'ÔXU~VcOÇMJúVXW[åÔXUdLOQc~QU&OIñMSdLU'ILUçMhMSOgU?KNMSU%\ OKh[XKNKPRLgUu Önè[
WtRLI8c%MSOQV]IVkW´OQMPK[XcMSRj[X~EÔ]U%~VcOÇMJ
v
xMSdLUµILU%M$oqÖLR8gh\2UZ=MSVÖLRLg\FU%Zes=][X\
s
[XILuMPdLUµÔXU~QVTc%OQMJVXW
MPdLU~Ub[kuLOILÔXUdLOQc~QU
V
v­Y!dLUghVuLU~¤OK!uLUjILUu'ÖnMSdLU$WtV]~Q~V aOI8UãRj[kMPOV]I8K,)
vsafe (t) = V (t) +
g (t)− V (t)
v(t)+V (t)
2b
+ 1
,
o^y ]s
vdes (t) =| min {vmax, v (t) + a∆t, vsafe (t)} , o^yE]s
v (t + ∆t) =| max {0, vdes (t)− η} . o^y ð]s
Y!dLUZS[XILu8V]gá\FU%ZNMSR8Öj[kMSOQV]I
η = rand [0, εa]
OQK
[ZS[XILu8V]g IRLgÖFU%Z`Ö2U%MJ,UUI6Û[kILu
εa
MSdj[¨M
[X~Q~V aKµWtVXZ$uLU%ÔO¼[¨MSOVXILK`WtZPVXg V]\TMSOgh[X~ﬃuLZPOÇÔOILLvY!dLUgVTuLU%~:OQK
\j[XZP[XghUMSU%ZPO -%Uu-ÖnØMPdLU¾g[çÕ
OQgRLg KN\FU%Uu
vmax
x=MSdLU'[Xcc%U~QUZS[¨MSOVXI
a
x,MSdLU?cV]gWtV]Z^Me[XÖL~QUuLU%cU~QUZP[kMSOQV]I
b
x![kILuñMPdLU?ILV]OKNU
Wq[XcMSV]Z
ε
x8ad8Oced?OK!Ö2U%MJ,UUIØÛ[kILuåyXv
Y!dLU4j~QMPUZ
[k~]V]ZNOQMPdLg m[XK
MSU%KNMSU%u-OI-[hKPOg\L~QUÔOZ^MSRj[k~BKNcUIL[XZPOQVLv
Y<mV+\j[XZP[X~~QU~´KNOgRL~[kMSOQV]ILK
VXW
[6K^MSZP[XO]dnM 6g ~QV]IL»KPOQIL]~UÕJ~[XILUZPV][XuèKNU]gUInMaOQMPdéV]\2UIñÖFVXRLILuj[XZNOU%Km[XKKPU%M^ÕJRL\¤v
i uLUMSU%c%MSVXZ'~QVTc[kMSU%uïz8vV Ég WtZPVXg MSdLU»RL\8KNMSZNUb[Xg UILu KPRL\L\8~OU%u²V]ÖLKPU%ZNÔk[kMPOV]I²uj[kMS[ÉWtZPV]g
W
Ö2VXMSdKNOgRL~[kMSOQV]ILK%vAl[XZNK­mU%ZPU½OILKNUZNMPUuhKPOgRL~QMS[XILUVXRLKP~ÇOQIÖ2VXMPdhKNOgRL~[kMSOQV]ILKﬃaOQMSdOu8UInMSOQcb[X~
KN\FU%Uu)vØY!d8UMSOQghUdLU[Xu8m[ å[kKKPU%~UcMSU%uÈKNMSVcedj[XK^MSOQcb[X~Q~Q6[Xc%cV]ZNuLOIL?MSV-[']OQÔXUI
f
[XRLKNKPO¼[kI
uLOQKNMPZPOÖ8R8MSOQV]IèaOÇMSd gUb[XIïwâK6otUãRLOQÔk[X~QUInMMPV y]x{XÛ]ÛâÔ]U%dLOc%~UK\2UZd8V]RLZesh[XILuï[ÉKNMS[XILuj[XZNu
uLUÔO¼[kMPOV]IVXW,yKv=}mVXMPd'KNOgR8~¼[kMPOV]ILK,RLKPU%u?MPdLU
ß^ß8Ú`Õà'VTu8U~ÇßµaOQMPd?[¾MPOgU$OILc%ZPU%ghU%IMaVkWmyKv
Y!dLUXjZPK^M!KPOQgRL~¼[¨MSOVXIm[XKRLKNUuMSV\LZPVuLRLc%U
MSZS[¨Óhcµuj[kMS[¾[kMmMPdLU
uLUMSUcMSV]Z[XK![KNRLÖLKNMPOQMPR8MSU`MPV
ZNUb[X~jgUb[XKNRLZPU%ghU%InMSKv:H¬MSK=\j[XZS[kghUMSUZ­KNU%M
w(real)
OKRLILILV aIMPV$MSdLU½KPU%cV]ILuhKPOQgRL~¼[¨MSOVXI)v<Y!dLU
KNUcVXILuØKPOQgRL~[kMSOQV]IZPU%\LZPU%KPU%IMPUu»[XI'V]IL~QOILU$KNOgRL~[kMSOQV]I)xTKPRL\L\8~OU%u&V]I8~QaOÇMSd+MSdLUuj[kMS[gUb[¨Õ
KNRLZPU%u+[kM,MPdLU`u8U%MSU%c%MPV]ZOIMSdLUYjZPK^M!KPOQgRL~[kMSOQV]I)v<H¬MSK\L[XZS[XgU%MPUZ=KPUM
w(sim)
[kKcb[X~QOÖLZP[kMSU%uMPV
gOILOQghO/-U­MSd8U½u8U%ÔO¼[kMPOV]IÖFUMJmU%UIhMPdLU!uj[kMS[$ghU[XKPRLZNUu[kM­MPdLU!uLU%MPUcMSV]ZOI¾Ö2VXMPd¾KPOgRL~¼[kMPOV]I8Kv
}mUWtV]ZPU$MPdLU5j~QMPUZ½[X~XV]ZPOÇMSdLg m[XK½MPUK^MSUu¤x2MPdLU\j[XZS[kghUMSUZNK!MSVÖFUZj~ÇMSUZNUu?dj[Xu+MSVÖ2Uced8V]KPU%I)v
Y!dLU%ZPUWtV]ZPUMSdLUuLOK^MSZPOQÖLR8MPOV]I+VXWAMPdLUU%ZPZNV]Z
e
oqKPU%U+o wXsPsOI'ZPU~[kMSOQV]IMSV
w(real)
[XI8u
w(sim)
m[XK
uLUMSU%ZPgOILU%u)v­äjV]Z
w(real)
[MJ\LOc[X~¤\j[kZS[XgU%MPUZmKNU%M!WtV]Z,dLOXdm[bMPZS[kÓc`m[XK!RLKNUu6oqKNUU$YB[XÖL~QU
w]sv
GBH;J¤÷õ\[]MµY=\LOQcb[X~<\j[kZS[XgU%MPUZ!KPUM½VXWBMPdLUß8Ú`Õ^à'VuLU%~¤WtV]Z!dLOQ]dn[bMSZP[kÓc
ÙB[XZS[kghUMSUZ Y=\LOQcb[X~)þ=[X~QRLU
g[ç8OQgRLgüÔ]U%~VcOQMJ
vmax
ê(EgìkK
ILV]OQKPU\j[XZP[XghUMSU%Z
ε
Û8v§{ 
[Xc%cU~QUZP[kMSOQV]I
a
Û8v§{¾gì¨K 2
u8UcU%~U%ZS[kMPOV]I
b
zLv^ gìkK 2
Ý`Ô]U%Z=[~QVXMVXWFKPOgRL~¼[kMPOV]IZPRLILKMSd8U½\L[XZS[XgU%MPUZNK=OQI
w(sim)
[kK=Ôk[XZNOUuK^TK^MSU%g[kMPOc[X~~ÇaOÇMSdLOQI
MPdLUOQZAÔX[k~OuZP[XIL]UkxT[kILu
e
[XK=gUb[XKNRLZPU%u)vAY!dLU%IMSdLUauLOQKNMPZPOÖ8R8MSOQV]IVXW¤KNOILX~U!cVXgh\2V]ILU%IMPK,VkW
e
OQIhZNU~¼[¨MSOVXIMPVMPdLU`gVTu8U~E\j[XZP[XghUMSU%ZPK=VXW
w(sim)
m[XKOQIÔXUK^MSO][kMSU%u)vAi`K,UçT\2Uc%MPUuÖ2Uc[XRLKPU`VXW
U%ãRL[kMSOQV]IÈoyEnsxjWtV]Z
Vmax
[hKNO]I8O/jc[XInMµZNU~[kMSOQV]I?MPVMPdLUU%ZPZNV]ZµOQI&gUb[XI'KP\2UU%uLK
v¯
m[XKµWtVXRLILu
otKPUU
ä:O]R8ZPUy sxTad8OcedKPd8V]RL~u+[k~~V ²[\8ZPV]\2UZIj~QMPUZPOQILVXW´MPdLOK,\j[XZP[XghUMSU%ZOIMPdLOK,KPc%UIj[XZNOVLv
ò½V,U%ÔXUZ%xFOQIcV]ILXUKNMPUu?MSZS[¨Óhc
Vmax
cb[XI?ÖFU%cV]gU$UFUcMS~QUKPKµ[XILu+MSdRLKaRLInMPZS[Xce¨[XÖL~QUXv
_=Òø­ÐBÍ<õ`K7Ma3­ZPZPVXZ`OI
v¯
[XK`WtRLI8c%MSOQV]I&VkW
Vmax
OQI'WtZPU%UæjV  ZPU%]OgUXx
V
(real)
max =
36m/s
x
ε(real) = 0.85
 0
 0.5
 1
 1.5
 2
 2.5
 34  34.5  35  35.5  36  36.5  37  37.5  38
Vmax [m/s]
∆
v¯
[m
/s
]
ε = 0.0
ε = 0.5
ε = 1.0
}mU%cb[XR8KPUMSdLUILV]OQKPU¾Wq[XcMSV]Z
ε
~OgOQMPKµMPdLUKPO -%UVXW,MPdLUZS[XI8uLV]gﬀ\2UZ^MSRLÖj[¨MSOVXI
η
x<OQM$[b¤U%c%MPKMPdLU
K^Me[XILuL[XZPuuLUÔTO[kMSOQV]I¾VXWEMSd8U½gUb[kKPRLZNUuKP\2UU%uLK
σ(v)
[XI8uÖnMPdLOKAMPdLU!uLOQKNMSZNOÖLRTMSOVXIVXW2MSdLU!U%ZPZPVXZ
OQI
σ(v)
oqKNUUä:OQ]RLZPUwXsv=ßTV
ε
KNdLV]RL~Qu'[k~KPVÖ2U	j~QMPUZP[XÖL~Ukv
c
_=Òø­ÐBÍ<õ0[ﬂMX3ZNZPV]Z´OQI
MSdLU­K^Me[XI8uj[XZPuuLUÔO¼[kMPOV]I$VXWgUb[XI$KN\FU%Uu
σ(v)
[kK)WtRLILc%MPOV]I
VkW:ILVXOKPU
Wq[kc%MSVXZ
ε
x
ε(real) = 0.85
 0
 0.02
 0.04
 0.06
 0.08
 0.1
 0.12
 0.14
 0.16
 0.18
 0.2
 0  0.2  0.4  0.6  0.8  1
ε
∆
σ
(v
)
[m
/s
]
Y!dLUUZNZPV]ZauLOQKNMPZPOÖ8R8MSOQV]I+VXWBMPdLU[Xcc%U~U%ZS[kMPOV]I
a
OQKaKPOgO~[XZ,MPVMPdj[kM½VXW
ε
v,Y!dLUZNU%WtV]ZNUVXIL~QVXILU
VXWﬃMSd8UKPUMJ,Vh\j[kZS[XgU%MPUZPK!c[XI?\LZPV]\2UZN~QÖFU5j~ÇMSUZNUu)xL[XILu
a
m[XKaUçTc~QRLuLUu¤v
äjV]ZMPdLU'u8UcU%~U%ZS[kMPOV]I
b
ILV6KPOXILO/jc[XInMcV]ZNZPU~[kMSOQV]IÉMSVå[XInúVXWµMSdLU?ghU[XKPR8ZS[XILu8Khc%V]RL~uñÖ2U
OQuLUInMSOdjUu¤vòµV mUÔ]U%Zx2OQMm[XKµ[X~KNVej~QMPUZPU%u'OQI+KPRLÖLKNUãRLU%IMµMSU%KNMbv
Y!dLUa×µÚä&[XKILV èRLKPU%uMPVcb[X~QOÖLZP[kMSU=MSdLU!\j[kZS[XgU%MPUZPK
Vmax
x
ε
[XILu
b
VXWEMSdLU!KNUc%V]ILuKPOgRL~¼[¨Õ
MPOV]I)v<Y!dLUfj~ÇMSU%Z´OILc%ZPUgUInM´m[XKﬃKPU%M<MPV
∆t = 120s
v<Y!dLU,u8O¼[X]VXIj[X~kÔk[X~QRLUK´VkWTMPdLUKNKNMPUgﬁILV]OQKPU
Rrk
m[XKAKPUM {0.5, 0.002, 0.7} [kILuVXWjMPdLUmgUb[XKNRLZPU%ghU%InMAILV]OQKPU Rek
MPV {0.001, 0.00005, 2, 1, 1} x
Ö2Uc[XRLKPUMPdj[kM­][ ÔXUMSdLU!Ö2UK^MZPU%KPRL~ÇMSKvA}mVXMSd¾KNOgR8~¼[kMPOV]ILK<m[XK­OILOÇMSO[X~O/-Uu$aOÇMSdMSd8U!\j[XZS[kghUMSUZ
KNU%M½WtZPV]gûYB[XÖL~QUwvmiµWMPUZ½ZPRLI8ILOILWtV]Z½|]ÛghOQIMSdLU\j[XZP[XghUMSU%ZPKaVXW:MPdLUZjZPK^M`KNOgRL~[kMSOQV]Im[XK
gVTu8O/jU%u)vBÜ²OÇMSdLOQIwXÛgOIR8MPUK
vmax
m[XKu8UcZNUb[XKNUuWtZPVXg ê(EMSVw( gì¨KxT[XKmOÇMgh[ dj[k\L\FU%I
Ukv§Lv­OQIdLUb[bÔZP[XOI)v­Y!d8U$uLUc%U~U%ZS[kMPOV]I
b
[XKa[k~KPV¾KN~V a~QZPU%uLRLcU%u)xLadj[kMac%V]RL~Qu?Ö2U$OI8uLRLcU%u
Ukv§LvÖnå[?,U%MZPVn[ku)viMMPdLUKS[XgUMPOgU¾MSdLUILV]OQKPUWq[Xc%MPV]Z
ε
[XKOILc%ZPU[XKPU%uÉcV]InMPOIRLV]RLKN~Q
MPVhÛTvðTviZPU[XKPVXI?WtV]Z!MPdj[kMacVXRL~u?ÖFUuLU%cZNUb[XKNOILh[b[XZNUILU%KPKµVXW:MPdLUuLZPOÇÔ]UZNKxEUXvLvÖ2Ucb[kRLKPUVXW
Wq[kMPO]R8U
OIMSd8UI8O]dnMadLV]R8ZPKv
ä:OQ]RLZNU$ê¾KPdLV aK
[¾\L~QVXM!VXW
vmax
x
ε
[XI8u
b
OIÖ2VXMSd?KPOQgRL~¼[¨MSOVXILKv
Y!dLUeL~QMSU%Z
KPd8V,Uu6MSdLU¾Ö2UK^McV]InÔXUZPXUILc%U[XI8uØMSZS[kceOQIL+\FU%ZNWtV]ZNg[kILcUWtVXZ
Vmax
x)adj[kMc[XI
Ö2U¾UçT\L~[XOILU%u6aOÇMSd-MSd8UKNO]I8O/jc[XInMZPU~[kMSOQV]IØÖ2U%MJ,UU%I
Vmax
[XI8u6MPdLUUZPZNV]Z$OI»gUb[XI»KN\FU%Uu
v¯
otKPUUØä:O]R8ZPUây sv Y!dLU1j~QMPUZ[k~KPVå[XK[XÖL~U?MSVâMPZS[Xce
ε
[XILu
b
x½ÖLR8MhaOQMSdécV]ILKNOuLU%ZS[XÖ8~U
~QV,UZ!\8ZPUc%OKNOV]I)v=Ý
ÖnÔOV]R8KP~QhMSdLU%KPU\j[XZP[XghUMSU%ZPKa[XZNU$VXW:~QUKNK½OQI8æjRLU%ILcU$MPVMPdLUghVuLU%~)V]R8MP\LR8Mbv
ÙﬃV]KPKNOÖL~ÇWtV]ZA[ZNUb[X~8[X\L\L~QOc[kMSOQV]IMPdLU!ILUU%uMPV$cb[X~QOÖLZP[kMSU=MSdLU%KPUa\j[XZP[XgU%MSU%ZPKAVXIL~OQILU,,V]RL~QudL[ ÔXU
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